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ABSTRACT 


Eight,  66-in. -diameter,  fabricated  HY-80  steel  hemi¬ 
spherical  shells  designed  to  fail  by  inelastic  buckling  were 
tested  to  observe  the  effects  of  initial  imperfections  and 
residual  stresses  on  elastic  behavior  and  collapse  strength. 

The  results  demonstrate  that  the  effect  of  secondary  moments 
and  residual  stresses  on  collapse  strength  diminish  as  the 
ratio  of  elastic  to  inelastic  buckling  pressure  increases. 

It  was  possible  to  predict  the  collapse  pressures  of  these 
models  within  +10  percent  by  utilizing  imperfection  analysis 
and  extrapolating  previous  test  results  of  less  stable 
shells.  Fairly  good  agreement  was  also  obtained  by  using 
the  same  imperfection  analysis  to  predict  the  membrane 
stresses  in  the  center  of  the  flat  spots.  Addition  of  the 
results  of  these  tests  to  those  obtained  on  shells  in  the  less 
stable  regions  provides  a  basis  for  a  reasonable  collapse 
equation  for  practical  spherical  shells  over  the  range  of  shell 
stability  of  interest  to  deep  submergence. 

ft 

ADMINISTRATIVE  INFORMATION 


The  work  described  in  this  report  was  conducted  under  the  sponsor¬ 
ship  of  the  Special  Projects  Office,  Subproject  S-F013  01  03,  Task  0214, 
and  the  Naval  Ships  Systems  Command,  Subproject  S-F013  03  02,  Task  1960. 

INTRODUCTION 


The  lack  of  adequate  criteria  for  designing  fabricated  spherical 
shells  under  hydrostatic  loading  has  been  a  problem  to  designers  for  many 
years.  It  is  well  known  that  under  such  loading  the  elastic  buckling 
strength  is  considerably  less  than  predicted  by  classical  linear  theory. 

The  lower  strength  is  generally  attributed  to  the  effects  of  initial  im¬ 
perfections,  residual  stresses,  and  adverse  boundary  conditions  which  the 
theory  neglects.  Thus,  in  the  absence  of  adequate  criteria,  designers 
have  had  to  resort  to  high  factors  of  safety  and  to  accept  the  associated 
weight  penalties. 

Interest  in  deeper  diving  submarines  and  small  research  vehicles 
has  emphasized  the  need  for  more  adequate  criteria.  In  the  past  few  years, 
the  David  Taylor  Model  Basin  has  conducted  extensive  studies  of  machined 


shells  to  develop  the  necessary  background. These  led  to  development 
of  an  analysis  for  near-perfect  and  initially  imperfect,  stress-free 
spherical  shells. ^  The  investigations  were  subsequently  extended  to 
realistic,  large-scale  fabricated  shells  in  a  parametric  study  of  the 
buckling  strength  of  HY-80  steel  hemispheres.  On  the  basis  of  these 
tests,  a  collapse  equation  for  fabricated  shells  was  proposed,  by  which 
collapse  strength  would  be  calculated  on  the  basis  of  measured  local  im¬ 
perfection  geometry.  In  the  course  of  this  study,  it  became  evident  that 
further  tests  of  raore  stable  shells  were  required.  Thus,  eight  additional 
models  were  designed  to  investigate  the  behavior  of  spherical  shells 
possessing  a  ratio  of  elastic-to-inelastic  collapse  strength  of  about  2.5 
to  4.0.  This  report  discusses  the  fabrication,  test  procedures,  and 
results  for  these  eight  models. 

DESCRIPTION  OF  MODELS 

The  eight,  66-in. -diameter,  hemispherical  shell  models  were  fabri¬ 
cated  by  the  Lukens  Steel  Company  from  HY-80  steel  (nominal  yield  strength 
of  80,000  psi).  Each  model  consisted  of  seven  pressed  and  welded  seg¬ 
ments;  six,  60-deg,  orange-peel  segments  and  a  60-deg  polar  cap.  Four  of 
the  models  (Models  75,  76,  79,  and  80)  had  a  nominal  thickness  to  radius 
h/R  ratio  of  0.024  and  the  other  four  (Models  77,  78,  81,  and  82)  had  an 
h/R  ratio  of  0.030.  Models  76,  80,  78,  and  82  were  tested  in  the  as- 
fabricated  condition;  Models  75,  79,  77,  and  81  were  tested  after  stress 
relieving.  In  stress  relieving  the  model,  the  furnace  was  preheated  to  a 
temperature  of  1025  F.  The  model  was  then  inserted  in  the  furnace  and 
stress  relieved  for  1  hour,  after  which  the  model  was  removed  from  the 
furnace  and  air  cooled. 

An  internally  ring-stiffened  cylinder  was  welded  to  each  model  prior 
to  testing.  Because  of  the  tolerances  involved  in  fabricating  spherical 
shells  of  this  size  and  the  need  to  employ  nominal  dimensions  in  design,  it 
was  not  practical  to  utilize  cylinders  that  would  ensure  membrane 


References  are  listed  on  page  40. 
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boundaries  at  the  juncture  of  hemisphere  and  cylinder.  Thus,  each  plating 
of  the  cylinder  shell  was  arbitrarily  increased  in  thickness  by  approxi¬ 
mately  10  percent  over  that  which  would  provide  membrane  conditions. 

Figure  1  shows  a  model  and  cylinder  assembly  and  presents  nominal  model 
dimensions. 

In  all  calculations.  Young's  modulus  E  and  Poisson's  ratio  v  were 
assumed  to  ’oe  30  by  10^  psi  and  0.3,  respectively.  Yield  strengths  as 
determined  from  uniaxial  compression  tests  of  the  original  plate  material 
are  presented  in  Table  1.  For  the  stress-relieved  models,  the  coupons  cut 
from  the  original  plate  were  stress-relieved  along  with  the  models.  In 
all  tests,  the  specimens  were  1/2  in.  in  diameter  by  2  in.  in  length.  A 
typical  stress-strain  curve  of  the  original  plate  material  of  Model  82 
(not  stress  relieved)  is  presented  in  Figure  2.  In  addition  to  these 
tests,  samplings  of  yield  strength  were  taken  from  Model  82  after  the 
hydrostatic  test  to  observe  the  effect  of  forming  on  strength.  Locations 
of  specimens  and  results  are  presented  in  Figure  3.  Typical  stress-strain 
curves  from  three  different  areas  of  the  segment  are  presented  in  Figure  2. 

PROCEDURE 

DETERMINATION  OF  INITIAL  IMPERFECTIONS 

The  analysis^  for  initially  imperfect,  stress-free  spherical  shells 
requires  the  accurate  determination  of  initial  imperfections  over  the 
entire  surface  of  the  shell.  It  was  therefore  necessary  to  take  approxi¬ 
mately  1000  radius  measurements  on  each  model  from  a  fixed  point  within 
the  shell  to  the  inside  surface.  The  results  of  these  measurements  are 
presented  in  the  form  of  contour  maps  (Figure  4)  that  represent  the  inside 
view  of  a  hemisphere  unfolded  into  a  flat  surface  whose  radial  scale 
remains  constant.  This  scale  can  be  determined  by  dividing  one-half  the 
circumference  of  the  sphere  by  the  diameter  of  the  contour  map.  As  in  the 
case  with  the  problem  of  mapping,  the  scale  in  all  other  directions  varies, 
depending  on  the  distance  from  the  center  of  the  plot  and  the  orientation 
with  the  radial  direction.  To  overcome  this  problem,  arc-length  scales 
were  utilized  together  with  the  contour  maps  for  out-of-roundness 
analysis.  A  typical  arc-length  scale  is  presented  in  Figure  5. 

(Text  continued  on  page  17.) 
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TABLE  1 


Compressive  Yield  Strengths 


Model 

Yield  Strength 

Pounds  per  Square  Inch 

75** 

87,500 

79** 

87,500 

76 

87,600 

80 

87,600 

77** 

87,700 

81* 

87,700 

78 

92,700 

82 

92,700 

* 

Yield  strengths  for  stress- 
relieved  models  determined  from 
specimens  which  were  stress  relieved 
with  model. 

** 

Indicates  stress-relieved  models. 
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Stress-Strain  Plots  for  Model  82  from  Original  Plate  and  Model 
after  Hydrostatic  Testing 


i  FA'LURE 


?*■: 


♦PLOTTED  IN  FIGURE  9. 


Figure  3  -  Distribution  of  Yield  Strength  from  a  Typical  Formed 
Segment  of  Model  32  after  Test 


Figure  4  -  Deviations  from  Sphericity 


Figure  4a  -  Model  75 

The  surface  enclosed  by  the  solid  circle  represents  a  hemisphere  unfolded  into  a 

flat  surface  whose  radial  scale  remains  constant.  Contours  are  plotted  in  mils. 

Minus  contours  indicate  inward  deviations,  e.g.,  -10  indicates  distance  from 

center  of  sphere  isR  -0.010  in. 
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Figure  4c  -  Model  76 
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Figure  4e  -  Model  77 
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Figure  4f  -  Model  81 
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Figure  4g  -  Model  78 


Figure  5  -  Arc  Length  Scales 

The  surface  enclosed  by  the  solid  circle  shown  represents 
hemisphere  unfolded  into  a  flat  surface  whose  radial  scale 
remains  constant. 


Mismatch  in  terms  of  the  deviations  from  sphericity  are  also  given 
in  Figure  4.  It  should  be  noted  that  in  these  plots  no  attempt  was  made 
to  correct  the  midsurface  shell  contours  for  variations  in  shell  thick¬ 
ness.  In  addition  to  the  sphericity  and  mismatch  readings,  approximately 
125  thickness  measurements  were  taken  on  each  model  (see  Table  2).  These 
measurements  indicated  that  during  the  pressing  operation,  the  segments 
tended  to  thin  out  at  the  center  and  thicken  at  the  edges.  Moreover, 
grinding  the  welds  also  caused  thickness  variations  at  the  edges  of  the 
segments.  Thus,  part  of  the  variations  in  shell  contours  is  attributable 
to  thickness  variations  rather  than  to  out-of-roundness  of  the  shell. 

The  thickness  measurements  and  contour  maps  were  utilized  to  examine 
each  model  for  critical  local  geometry.  Each  flat  spot  area  was  defined 
by  its  local  thickness  h  aid  ratio  of  local  to  nominal  radius  R./R,  A 
detailed  description  of  the  procedure  is  available  in  References  6  and  7 
and  is  omitted  here.  Thickness  variations  were  considered  in  utilizing  the 
contour  maps  for  cut-of-roundness  analysis.  Although  thickness  variation 
influenced  the  overall  shell  contours,  its  effect  over  a  critical  arc 
length  could  be  neglected  in  most  cases. 

TEST  PROCEDURE 

Each  model  was  instrumented  with  approximately  70  foil-resistance 
strain  gages.  Areas  for  gaging  were  selected  on  the  basis  of  flat  spot 
calculations,  mismatch  data,  and  thickness  readings.  In  some  cases,  gages 
were  also  placed  near  the  juncture  of  sphere  and  cylinder.  Strain-gage 
locations  are  presented  in  Figure  6. 

The  models  were  statically  tested  in  oil  in  the  6-ft  testing  tank 
at  the  Model  Basin.  The  test  setup  is  presented  in  Figure  7.  Generally, 
each  test  consisted  of  three  pressure  runs--the  first  and  second  to 
approximately  70  and  90  percent,  respectively,  of  the  collapse  pressure 
and  the  third  to  collapse.  Pressure  was  applied  in  increments,  and  each 
increment  of  pressure  was  held  approximately  5  min.  The  final  increment 
prior  to  collapse  was  less  than  2  percent  of  the  collapse  pressure. 


(Text  continued  on  page  27.) 
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TABLE  2  -  (Continued) 

Meridional  Orientation  in  Tegrees  Meridional  Orientation  in  Degrees 
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Figure  6g  -  Model  78 
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Figuie  6h  -  Model  82 


Figure  7  -  Test  Setup 
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RESULTS  AND  DISCUSSION 

Experimental  collapse  pressures  for  eacn  model  are  shown  in  Table  3. 
Strain  sensitivities  are  shown  in  Figure  6,  and  typical  pressure-strain 
plots  are  given  in  Figure  8.  Figure  9  shows  the  models  after  collapse. 

Nondimensional  plots  of  experimental  results  for  the  eight  models 
are  presented  in  Figure  10;  the  abscissa  is  the  ratio  of  elastic  buckling 
pressure  P  '  to  the  yield  pressure  P  and  the  ordinate  is  the  ratio  of 

^  y 

the  experimental  collapse  pressure  P^  to  P  1  '.  It  should  be  noted  that 
local  geometry  in  the  area  of  failure  was  used  to  calculate  P^'  and  P  '• 
which  are  defined  by  the  expressions 


>'  ■  °-84Ete) 


for  v  =  C.3 


2  0  h  R 
y  a  lm 


where  h  is  the  average  thickness  at  the  flat  spot, 

Rjq  is  the  local  outside  radius, 

R.  is  the  local  midsurface  radius, 
lm 

E  is  Young's  modulus,  and 
0^  is  the  yield  strength. 

Results  of  Reference  6  have  been  included  for  comparison.  It  can 
be  observed  that  the  present  results  are  in  excellent  agreement  with 
previous  trends  for  both  as-fabricated  and  stress-relieved  models.  The 
difference  between  the  yield  line  and  the  lower  bound  for  the  stress- 
relieved  models  is  attributed  to  the  effect  of  secondary  moments.  It 
appears  that  this  effect  becomes  negligible  as  the  shells  attain  margins 
of  stability  (P^*/P  )  of  three  and  greater.  The  difference  between  the 

lower  bound  trends  for  stress-relieved  and  as-fabricated  models  is 
attributed  to  the  presence  of  residual  stresses.  As  the  shells  become 
more  stable,  the  effect  of  residual  stresses  on  collapse  strength  decreases, 
It  is  significant  to  note  the  collapse  pressures  obtained  in  the,e  eight 
tests  could  be  predicted  within  10  percent  by  utilizing  the  imperfection 

analysis  and  simply  extrapolating  test  results  of  Reference  6. 

(Text  continued  on  page  34.) 
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Figure  9  -  Models  after  Collapse 
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Figure  9a  -  Model  75 


Figure  9b  -  Model  79 
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Figure  9c  -  Model  76 


Figure  9d  -  Mode 
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Mismatch  on  the  models  could  be  considered  excessive  from  the  view¬ 
point  of  possible  submarine  fabrication  tolerances.  In  most  cases,  a  maxi¬ 
mum  mismatch  of  approximately  0.1  in.,  or  rovghly  10  percent  of  the  shell 
thickness,  was  observed.  This  caused  bending  stresses  which  ranged  from 
20  to  45  percent  of  the  membrane  stress.  Unfortunately,  the  effect  of 
mismatch  on  collapse  strength  is  somewhat  obscured  by  other  variables,  and 
to  try  to  separate  its  effect  is  not  practical  at  this  time.  It  should 
be  noted,  however,  that  any  effect  of  mismatch  on  the  strength  of  the 
models  is  reflected  in  the  curves  of  Figure  10. 

On  Model  82  (not  stress  relieved),  the  question  may  be  raised  as  to 
why  the  result  was  plotted  using  the  local  geometry  at  IV  rather  tu?n  I 
(minimum  h  /R  ),  since  both  are  included  in  the  failure  envelope  (see 
Figure  6) .  Strain  measurements  taken  in  these  two  areas  suggest  that 
failure  was  caused  by  the  flat  spot  at  IV.  The  higher  elastic  membrane 
strains  were  recorded  at  IV,  and  the  inelastic  strains  in  this  area  started 
to  "run"  just  prior  to  collapse.  Thus,  the  result  for  Model  82  was  plotted 
utilizing  the  local  geometry  at  IV. 

The  imperfection  analysis  utilized  in  evaluating  these  models  ad¬ 
mittedly  has  limitations.  For  example,  failure  of  some  of  these  models 
did  not  occur  in  the  geometrically  critical  area  (minimum  na/R10) .  This 
may  be  attributed  to  such  factors  as  varying  residual  stresses,  yield 
strength,  shape  of  the  stress-strain  curve,  shape  of  the  imperfections, 
mismatch,  and  boundary  conditions  which,  at  present,  are  neglected  in  the 
analysis.  However,  the  presentation  of  the  data  in  the  form  of  Figure  10, 
where  each  datum  point  is  plotted  utilizing  the  geometry  in  the  area  of 
failure,  makes  it  possible  to  observe  the  combined  effect  of  the  variables. 

In  plotting  the  results  of  this  series  of  tests  for  the  as- 

fabricated  models,  the  yield  strengths  used  in  conjunction  with  Equation 

* 

[2]  were  determined  from  material  of  the  original  plate.  Discussion  in 
Reference  6  notes  that  the  yield  strengths  of  the  original  plate  material 


★ 

The  data  points  in  Figure  10,  which  represent  the  results  of  the  66-in, 
diameter  models  of  Reference  6  are  based  on  values  of  yield  strength 
determined  after  test,  since  available  yield  strength  data  for  the 
original  plating  is  inadequate. 
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LOWER  BOUND  FOR  STRESS 
RELIEVED  HEMISPHERES 


Figure  10  -  Nondimensional  Plot  of  Experimental  Results  for  Fabricated  HY-80 

Steel  Spherical  Shells 


may  not  be  representative  of  the  material  in  place.  The  yield  strengths 
of  the  as-fabricated  models  were  generally  10  percent  higher  than  the 
stress-relieved  models.  Since  this  would  affect  the  position  of  the  data 
points  in  Figure  10,  it  was  decided  to  make  a  limited  investigation  of 
forming  on  the  strength  of  the  material.  Specimens  were  taken  from  a 
skirt  segment  of  Model  82  (not  stress  relieved)  between  the  0-  and  60-deg 
generators,  which  appeared  to  be  an  area  of  relatively  low  stress.  The 
specimen  location  and  test  results  are  presented  in  Figure  3.  Specimens 
from  the  model  and  the  original  plate  were  1/2  in.  in  diameter  by  2  in.  in 
length.  For  each  specimen  location,  except  the  center,  the  yield  strength 
was  increased  in  the  direction  parallel  to  the  proximate  edge  and  was  de¬ 
creased  in  the  direction  normal  to  it.  No  significant  change  in  strength 
was  observed  at  the  center  of  the  segment .  These  results  appear  to  be  in 
contrast  with  the  observations  made  in  Reference  6.  Although  a  maximum 
increase  in  strength  of  11  percent  in  the  circumferential  direction  was 
observed,  the  strength  of  the  segment  in  general  was  not  increased  by  as 
much  as  10  percent.  As  a  matter  of  fact,  if  the  strength  in  both  di¬ 
rections  is  averaged  for  each  location  as  was  done  in  Reference  6,  no 
significant  change  in  strength  would  be  obtained.  A  closer  and  more 
systematic  investigation  of  the  effect  of  forming  on  the  strength  of  the 
material  is  currently  in  progress.  Spherical  skirt  segments  66  in.  in 
diameter  and  of  varying  thicknesses  will  be  fabricated  and  tested.  When 
these  tests  are  completed,  a  much  clearer  understanding  of  the  effect  of 
forming  will  be  obtained. 

Typical  stress-strain  curves  of  the  original  plate  and  from  the 
material  in  place  for  Model  82  are  presented  in  Figure  2.  Note  that  in 
each  case  cold  working  of  the  material  altered  the  shape  of  the  stress- 
strain  curve  from  one  that  was  essentially  elastic  and  ideally  plastic  to 
a  curvilinear  type.  It  should  be  kept  in  mind  that,  in  machining  speci¬ 
mens  from  the  model  after  testing,  stresses  are  relieved  at  the  free 
surfaces  of  the  specimens  thus  making  the  resulting  stress-strain  curves 
only  approximate  representations  of  conditions  within  the  model.  The 
effect  of  residual  stress  on  the  elastic  behavior  of  the  shell  can  be  ob¬ 
served  in  the  pressure-strain  plots  presented  in  Figure  8.  The  strains 
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in  the  as-fabricated  models  become  nonlinear  at  fairly  low  pressures, 
whereas  the  strains  in  the  stress-relieved  models  remain  linear  at  much 
higher  pressures. 

Table  3  compares  experimental  membrane  stress  sensitivities  at  flat 
spots  with  values  calculated  with  local  imperfection  geometry.  In  most 
cases  the  agreement  was  within  10  percent,  with  the  calculated  stresses 
generally  being  higher  than  the  measured  values.  The  maximum  difference 
obtained  was  14  percent.  Considering  the  relative  severity  of  some  of  the 
assumptions  made  in  the  analysis  (e.g.,  neglecting  nonsymmetric  imper¬ 
fections),  the  agreement  can  be  considered  to  be  fairly  good.  At  the 
present  time,  further  study  is  being  cuiiducted  on  flat  spots  upon  which 
refinements  to  the  analysis  can  be  based. 

Up  to  the  present  time,  designers  of  spherical  shells  have  been 
seriously  hampered  by  the  lack  of  rational  design  guidance.  The  pre¬ 
liminary  evaluation  of  the  tight  model  tests,  combined  with  the  results  of 
previous  tests  in  the  less  stable  regions,  provides  the  designer  with  some 
of  these  critically  needed  tools.  When  the  results  are  presented  in  the 
form  of  figure  10,  the  comoined  effect  of  the  variables — such  as  residual 
stx  .s.  mismatch,  and  boundary  conditions--can  be  observed.  The  curves 
presented  emphasize  lower  bound  strength  of  test  results  and  are  applicable 
to  the  realistic  design  of  fabricated  spherical  shells.  At  the  present 
time,  the  effects  of  flat  spots,  residual  stresses,  and  mismatch  are  being 
investigated  both  analytically  and  experimentally.  On  completion  of  these 
investigations,  the  results  of  the  fabricated  HY-80  spherical  shells  will 
be  reevaluated,  and  the  analysis  will  be  refined.  In  addition  to  these 
studies,  the  behavior  of  spherical  shells  fabricated  from  materials  with 
strain-hardening  characteristics  is  being  investigated. 

CONCLUSIONS 

1.  It  was  possible  to  predict  within  10  percent  the  collapse  pressures 
of  the  eight  models  tested  by  utilizing  imperfection  analysis  and  ex¬ 
trapolating  previous  test  results  of  less  stable  geometries. 

2.  The  test  results,  when  plotted  in  the  form  of  Figure  10,  provide 
the  designer  with  a  reasonable  collapse  equation  for  as-fabricated  and 
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TABLE  3 

Local  Geometry  and  Comparison  of  Calculated  and  Measured  Membrane 
Stresses  and  Collapse  Pressures 


Model 

Area 

h 

a 

inch 

R 

Calculated  Max. 
Memb.  Stress  Sens.* 
psi/psi 

Measured  Max. 
Memb.  Stress 
Sens.** 
psi/psi 

Ratio  of 
Calc,  to 
Meas. 
Stress 

Experimental 

Collapse 

psi 

I 

0.810 

1.12 

23.5 

22.2 

1.06 

75*** 

II 

0.807 

1.11 

23.4 

out 

— 

HI 

0.805 

1.10 

23.2 

21.0 

1.05 

lvt 

0.802 

1.10 

23.3 

22.9 

1.02 

3800 

1 

lit 

0.809 

0.817 

>' ijl 

24.9 

23.9 

out 

73.0 

1 .04 

3650 

79*** 

111 

0.815 

1.14 

23.7 

22.3 

1.06 

IV 

0.808 

1.12 

23.5 

out 

-- 

V 

0.809 

1.1! 

23.3 

22.5 

1.04 

out 
22. 5 
out 
24.9 


24.6 

24.2 

23. 5 

24.8 
No  Gage 


20.5 

18.4 

19.7 

19.8 

18.3 


18.3 

17.5 
out 

17.3 
18.. 


out 

17.8 

out 

out 

17.7 


17.9 
16.7 

18. 5 
out 

18.5 


The  calculated  stress  sensitivities  are  determined  from  the  equation 

R10J 

Stress  sensitivity  •  - 


The  measured  stress  sensitivities  are  based  on  the  average  of  the  strain-sensitivity 
readings  taken  on  the  inside  and  outside  surfaces  of  the  shell.  The  strain  sensitivity 
Is  defined  as  the  slope  of  the  portion  of  the  pressure-strain  diagram  which  is  linear. 
Measured  stress  sensitivities  are  determined  from  the  expression 


fV'3  .  .  //  _t 

2  . 

U  .cl 

2] 

L  l-u  leu  V\  1  3J 

il2  " 

l 1  V 

1 

where  and  i ^  are  the  average  strain  sensitivities  at  the  0- ,  45-,  anc1  90-deg 

orientation  in  a  thraa-alamant  rosatta. 

Stress- relieved  model. 

^Failure  area. 


i 


stress-relieved  spherical  shells  with  initial  imperfections  covering  the 
range  of  geometries  of  interest  to  deep  submergence. 

3.  The  effects  of  secondary  moments  and  residual  stresses  on 
collapse  strength  diminish  as  the  ratio  of  elastic  to  inelastic  buckling 
pressure  of  the  shell  increases. 

4.  The  agreement  between  calculated  and  measured  membrane  stresses 
at  flat  spots  was  fairly  good.  In  most  cases  the  agreement  was  within 

10  percent,  while  the  maximum  difference  was  14  percent. 
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